Magnetization noise in magnetoelectronic nanostructures 
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By scattering theory we show that spin current noise in normal electric conductors in contact with 
nanoscale ferromagnets increases the magnetization noise by means of a fluctuating spin-transfer 
torque. Johnson-Nyquist noise in the spin current is related to the increased Gilbert damping due 
to spin pumping, in accordance with the fluctuation-dissipation theorem. Spin current shot noise 
in the presence of an applied bias is the dominant contribution to the magnetization noise at low 
temperatures. 
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Time-dependent fluctuations of observables ("noise") 
are a nuisance for the engineer but also a fascinating sub- 
ject of study for the physicist. The thermal current fluc- 
tuations in electric circuits as well as the Poissonian cur- 
rent fluctuations due to the discrete electron charge emit- 
ted by hot cathodes are classical textbook subjects. The 
fluctuations of the order parameter in ferromagnets, such 
as Barkhausen noise due to moving domain walls, have 
been studied by the magnetism community for almost a 
century. Recently, it has been discovered that electronic 
noise is dramatically modified in nanostructures. Theo- 
retical predictions on the suppression of charge shot noise 
in quantum devices have been confirmed experimentally 
0. Spin current fluctuations, i.e., spin shot noise, is as 
yet a purely theoretical concept [2J. In nanoscale mag- 
netism, thermal noise plays an important role by acti- 
vating magnetization reversal of ferromagnetic clusters 
Charge shot noise in ferromagnetic spin valve de- 
vices has been discussed as well ^ 0- Interesting new 
questions have been raised by recent experimental stud- 
ies on the dynamics of nano-scale spin valves 0, 
in which electric transport is affected by the magneti- 
zation direction of the ferromagnetic elements. Central 
to these studies is the spin-transfer torque exerted by a 
spin-polarized current on the magnetization causing it to 
precess or even reverse direction 0, 0, . Covington 
et al. interpreted the observed dependence of noise 
spectra in nano-pillar spin valves on bias current direc- 
tion in terms of this spin torque, but a full consensus has 
not yet been reached [12J. 

In a normal metal the average current of net spin an- 
gular momentum (spin current) vanishes but its fluctua- 
tions are finite. In this Letter we demonstrate that equi- 
librium and non-equilibrium spin current noise in nor- 
mal metals is directly observable in hybrid ferromagnet- 
normal metal structures: The noise exerts a fluctuating 
spin-transfer torque on the magnetization vector causing 
an observable magnetization noise. The theory of noise 
in magnetoelectronic devices requires a consistent treat- 
ment of fluctuations in the currents as well as the magne- 



tization. We demonstrate that thermal spin current fluc- 
tuations are instrumental for the spin pumping-enhanced 
Gilbert damping in magnetic multilayers |l3| and that 
spin shot noise should be observable at low tempera- 
tures. The better understanding of noise in ferromagnetic 
spin valves should aid the development of next-generation 
magnetoelectronic and magnetic memory devices. 

The magnetization noise in isolated single-domain fer- 
romagnets is well described by the Landau-Lifshitz- 
Gilbert (LLG) equation of motion 



^ = - 7mx [H eff + h(°)(t)] 



dm 

aomx— , (1) 



where m is the unit magnetization vector, 7 the gyro- 
magnetic ratio, H ff the effective magnetic field, and cyq 
the Gilbert damping constant. The stochastic torque 
m x h>°)(t) describes thermal agitation in terms of a 
random field hS ' (t) with zero average and a white noise 
correlation function 
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Here i and j are Cartesian components, ksT the ther- 
mal energy, M s the saturation magnetization, and V the 
volume of the ferromagnet. The magnetization noise de- 
pends on the Gilbert damping ctQ that parametrizes the 
dissipation of magnetic energy in the ferromagnet. The 
relation between noise and damping is a corollary of the 
fluctuation-dissipation theorem (FDT) [Til ]. 

In ferromagnets in contact with normal conductors 
fluctuating spin currents contribute to the magnetization 
noise through the spin-transfer torque. The torque is 
caused by the absorption of only that component of the 
spin current that is polarized transverse to the magneti- 
zation. This happens on the length scale of the magnetic 
coherence length A c = 7r /{kp^ — kpi), where fcpf and fcpj 
are the minority and majority spin Fermi wave numbers 
in the ferromagnet lift Il7j . In transition metals A c 
amounts to only a couple of monolayers. A second in- 
gredient needed to understand the noise properties is the 
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FIG. 1: The transport properties of a thin ferromagnet sand- 
wiched between two large normal metals are evaluated using 
annihilation and creation operators (only annihilation opera- 
tors are shown here), a^rm and foz,(i?) annihilate an incoming 
and outgoing electron in the left (right) lead respectively. 

inverse effect of the spin torque, often referred to as "spin 
pumping" 0, Il3| : a moving ferromagnet in contact with 
conductors emits a spin current. The loss of angular mo- 
mentum is equivalent to an enhancement of the Gilbert 
damping constant such that ao — » «o + Oi' . There is 
ample evidence that the enhancement a', to be explicitly 
defined later, can become much larger than ao [la]. 

We consider hybrid structures of a ferromagnet (F) in 
good electric contact with normal metals (N) , such as an 
N — F — N structure (Fig. 1), with an applied current or 
voltage bias (a lateral structure in which the ferromagnet 
is on top of the current carrying normal metal would also 
serve to illustrate our ideas). At non-zero temperatures 
the (spin) current through the interface(s), and thus the 
spin torque, fluctuates. When a bias is applied, the spin 
current fluctuates even at zero temperature giving spin 
shot noise. We show in the following that the fluctuations 
of the magnetization vector due to thermal and shot noise 
can be described by an effective random field h(t). The 
thermal magnetization noise is governed by the FDT, 
i.e., the relation between the noise amplitude and the 
Gilbert damping is preserved, with the damping constant 
c*o — > cto + a' . In other words, the thermal spin current 
noise is identified as the microscopic process that ensures 
validity of the FDT in the presence of spin pumping. 

We use the Landauer-Biittiker scattering approach , 
generalized to describe spin transport 0] for a thin fer- 
romagnetic film sandwiched by normal metals (Fig. QJ. 
The normal metals are characterized by chemical poten- 
tials hl (left) and fin (right) and a common temperature 
T . The 2x2 distribution matrices fi and fn in spin 
space reduce to the diagonal form ft, = f(E — /iz,)l and 
fn. = f(E — /Ur)1, where / is the Fermi-Dirac distribu- 
tion. The a/3-component of the 2x2 current operator in 
spin space at time t on the left side of the ferromagnetic 
film then reads |4| 

lf(t) = | [ dEdE'e l ( E ~ E '^ h (3) 
„ J 



*W Ln p{E)a Lna {E') - b Ln0 (E)b Lna (E')]. 

Here a ^} na {0)^^ an< ^ ''inafffl^) annihilates (creates) an 
electron with spin a (/3) and energy E in transverse 
mode n in the left lead moving towards or leaving the 
ferromagnet, respectively. The 6-operators are related 
to the a-operators through the unitary scattering matrix 
S(E). Combining all indices b p (E) = J2 q s pq(E)a q {E), 
where the scattering coefficient s pq is an element of S 
and the sum runs over all possible spin states and trans- 
verse modes in both the left and the right lead. The 
charge and spin currents are I c ,L(t) = X)q^l q (0 an d 
Is,l(£) = — h/(2e) Yla8 ^ a ^Ii, a (t)i where <r is a vector 
of the Pauli matrices. With the quantum mechanical 
expectation value (a Lna (E)a Lml3 (E')) = 5 mn 5 a pS(E - 
E')f(E — ut) : the average charge and spin currents can 
be obtained |lj|. The charge current fluctuations on 
the left side of the ferromagnet are given by the correla- 
tion function S c .LL(t — t') = (A7 C) x,(t)A7 Cl i(t')), where 
AI C) z,(t) = I c ,h{t) — (Ic,L{t)} is the fluctuation of the 
charge current from its average value. Expressions are 
in the following simplified by assuming that the normal 
metals are either very large or support strong spin-flip 
scattering, such that a spin current emitted by the fer- 
romagnet never returns. We also assume that the fer- 
romagnet is thicker than the magnetic coherence length. 
Furthermore, we disregard spin-flip processes in the fer- 
romagnet, which is allowed when the spin-flip length is 
longer than the coherence length. We assume that the 
noise frequencies are much smaller than both the temper- 
ature, the applied voltage and the exchange splitting in 
the ferromagnet. This is implicit in Eq. J5J) and in adia- 
batic spin pumping theory and is well justified up to 
ferromagnetic resonance frequencies in the GHz regime. 
The average magnetization direction is taken to be along 
the 2-axis. 

Let us consider first the unbiased trilayer with zero 
average current. At T =/= the instant current at time t 
does not vanish due to thermal fluctuations. The zero fre- 
quency thermal charge current noise is found by Fourier 
transforming the current correlation function. The re- 
sult is S^ L (w = 0) = 2k B T(e 2 /h){gl + g l ), where g a = 
Ml — J2mn \ r mna\ 2 is the dimensionless spin-dependent 
conductance, Ml, the number of transverse modes in the 
left normal lead, and r mna the spin-dependent scattering 
coefficient for electron reflection from mode n to m on the 
left side. r mna should be evaluated at the Fermi energy. 
This is the well-known Johnson-Nyquist noise that re- 
lates the dissipative element, i.e., the electric resistance, 
to the noise, as required by the FDT. 

More interesting is the correlation 

S ijtKK >(t - - (AI iiK (t)AI j>K ,(t')) (4) 

between the i-component (i = x,y or z) of the spin cur- 
rent on side K (= L or R) and the j-component (J = x,y 
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or z) on side K' (— L or R). The zero frequency thermal 
spin current noise becomes: 
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8a \ 
K'KJ> 

(5) 

where a{ denotes one of the Pauli matrices (i = x,y, z), 
Mk is the number of transverse modes in lead K, and 
Q°kk> = Tr( s ^kk>u s kk'{3) should be evaluated at the 
Fermi energy. The trace is taken over the space of the 
transverse modes that span the matrices of the scatter- 
ing coefficients. The xx- and yy-components of the ther- 
mal spin current noise, S^' LL and S^y\ L , are governed 
by the real part of the dimensionless mixing conduc- 
tance 16] g[ l = M L - E m „ r mntCi- Furthermore, 

^xxLL ^ ^xx^lr ( an d similar for the yy-component) 
since the transverse spin current is not conserved at 
the interface. By angular momentum conservation ab- 
sorption of the fluctuating spin current implies random 
torques acting on the magnetization. On the other hand 



(in the absence of spin flip scattering) S^ LL = S 
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since a spin current polarized parallel to the magnetiza- 
tion is allowed to traverse the ferromagnet. 

We now turn to the effect of the fluctuating torques 
on the magnetization vector. To this end the LLG 
Eq. must be generalized by substituting dm/dt — > 
dm/dt + 7l s . a bs/(M s V), where M S V is the total mag- 
netization of the ferromagnet and I s . a b s = I s .l — Is./? 
is the spin current absorbed by the ferromagnet. The 
mean (I Si ab s ) vanishes for the single ferromagnet consid- 
ered here, but the fluctuations ((I^abs) 2 ) do not. The 
thermal magnetization noise of the isolated magnet is 
given by Eq. Proceeding from Eq. JSJ we find the 
thermal fluctuations of the torque to be of exactly the 
same form and therefore represented by a new, statisti- 
cally independent random field h^ th \t) with correlation 
function 



where a' is defined by 



7ftRe( g l++ g j + ) 



4ttM s V 



(6) 



(7) 



and where i and j label axes perpendicular to the mag- 
netization direction. The condition that the ferromag- 
net is thicker than the coherence length allowed us to 
disregard terms like J2 mn *mnT*mn|i where i m „-|-(j.) is the 
spin-dependent transmission coefficient for electron prop- 
agation from the left side to the right. The expression 
for a' is identical to the enhancement of the Gilbert 
damping in adiabatic spin-pumping theory 0] . We con- 
clude that the enhanced magnetization noise in N — F — N 
sandwiches can be described by an effective random field 
h(t) = h(°)(i) + h( th )(t), associated with the enhanced 



Gilbert constant a = ao + a'. Basically, we extended the 
LLG with a (Langevin) thermal agitation term given by 
h( th '(£) to capture the increased noise that, according to 
the FDT, must exist in the presence of spin pumping. We 
proved that the thermal spin-current noise is the underly- 
ing microscopic mechanism. Large magnetization noise 
is expected in thin magnetic layers in which a' domi- 
nates «o [lsj . The small imaginary part of the mixing 
conductance does not appear explicitly in Eq. (JJJ) . Via a 
renormalized gyromagnetic ratio 7 it affects h'°^(t) 
and h( th )(i) identically, keeping the FDT intact. 

The shot noise is most easily evaluated at zero temper- 



ature. Using Eq. |g} we find 5 
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, reflecting 



charge conservation. The zero-frequency spin shot noise 
at T = is 
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where 
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x or y, 



K" 



K'" = L or R, and 
r ^W KKI „ a SKK"ps i K , K „pS KIK m a ]. Non- 
conservation of the transverse spin shot noise implies a 
fluctuating torque as above. Using Eq. JSJ) we obtain the 
magnetization noise induced by the spin shot noise, 



{ht\t)hf\a)) 
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where [II ~ P"R. — eU is the applied voltage and r (r') 
and t (t') are the reflection and transmission matrices for 
electron propagation from left (right) to right (left). A 
number of terms in the second sum in Eq. (jHJ) have been 
disregarded using the condition that the ferromagnet is 
thicker than the coherence length. Eq. vanishes with 
the exchange splitting only if these terms are included. 

In order to compare the shot noise, Eq. 10, with 
the thermal noise, Eq. 10, we consider a symmetric 
N — F — N structure (Fig. with clean interfaces that 
conserve the transverse momentum of scattering elec- 
trons. We adopt a simple semiclassical approximation 
in which an incoming electron is totally reflected when 
its kinetic energy is lower than the potential barrier of the 
ferromagnet, and transmitted with unit probability oth- 
erwise. In terms of the exchange splitting AU = U-\ — Ui, 
where CfU) is the potential barrier for spin-up (down) 
electrons, the combination of scattering coefficients is 
simplified to 



M 



AU 
~~Ef~'' 



(10) 



where M is the number of transverse modes and 
Ep the Fermi energy in the normal metal. With 
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Ylimn r ran\T* mn i ~ 0, which usually holds for intermetal- 
lic interfaces, the mixing conductance reduces to = 
g£ = M . The condition for a significant contribution of 
shot noise to the magnetization noise can thus be writ- 
ten eV > k B TE F /AU. For AU ~ E F /5 and typical 
experimental voltage drops in nanoscale spin valves this 
condition is T < 10K. At low temperatures we there- 
fore predict an observable crossover from thermal to shot 
noise dominated magnetization noise as a function of the 
applied bias. 

The effective random field h(i) is not directly ob- 
servable, but its correlation function is readily trans- 
lated into that of the magnetization vector m(i). Lin- 
earizing the LLG-equation (including spin pumping) in 
terms of small deviations Am from the equilibrium 
direction z we obtain the power spectrum of the x- 
component of the magnetization vector S x (u>) = J d(t — 

Oe fa («- f ')(Am I (i)Am !B (l , )) ! 



xy ' ' M S V {lu 2 -uj 2 + a 2 u 2 ) 2 + a 2 u 2 (uj x +L0 y ) 2 ' 

(11) 

and similarly for the y-component. Here shot noise 
has been disregarded, a is the spin-pumping-enhanced 
Gilbert constant, loq — ^Ju x ujy is the ferromagnetic res- 
onance frequency, and u> x and u> y are determined by the 
leading terms in the magnetic free energy expansion near 
equilibrium, where x and y are taken along the principal 
axes transverse to z. Note that Eq. is proportional 
to the imaginary (dissipative) part of the transverse spin 
susceptibility in accordance with the FDT. It therefore 
reflects both the enhanced broadening of the ferromag- 
netic resonance as well as the enhanced low frequency 
magnetization noise. Including shot noise increases the 
prefactor of Eq. (|llfl with a bias dependent term. 

Rebei and Simionato recently investigated magnetiza- 
tion noise in ferromagnetic thin films using an sd-model 
[l2j |. and found results similar to our Eq ifTTJ). We be- 
lieve that our approach based on the scattering theory 
of transport is more general and, not being based on 
a specific model for the electronic structure, accessible 
to first-principles calculations 0], and better suited to 
treat more complicated devices. Also, Rebei and Simion- 
ato did not attempt to evaluate the shot noise contribu- 
tion to the magnetization noise. 

All results are based on the white noise assumption 
that is justified as long as typical noise frequencies hto <C 
ksT. After Fourier transforming the correlators the ex- 
pressions can easily be generalized to hold for finite fre- 
quencies by replacing fc^T — > (hu/2) coth[fiu! / {2k bT)]. 

In conclusion, we demonstrate that the magnetization 
noise in nanoscale ferromagnets is increased by contact- 
ing with a conducting environment. The effect is ex- 
plained by the transfer of transverse spin current fluc- 
tuations in the normal conductors to the ferromagnetic 
order parameter. Both thermal and shot noise generate 



effective random magnetic fields felt by the magnetiza- 
tion. The thermal magnetization noise increases in the 
same way as the Gilbert damping of the mean-field mag- 
netization dynamics, in accordance with the fluctuation- 
dissipation theorem. Just like the spin-pumping in- 
duced broadening of the ferromagnetic resonance, the 
low-frequency magnetization noise is strongly enhanced 
in thin ferromagnetic films covered by a few monolayers 
of a strong spin- flip scattering metal such as Pt. At eas- 
ily accessible lower temperatures the effect of shot noise 
dominates that of thermal noise. 
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